1. Introduction {#sec1}
===============

A number of technologies involve the effects of mechanical impacts on water and aqueous solutions. In some cases, mechanical impacts can lead to a significant acceleration of various chemical and physical processes.^[@ref1]−[@ref5]^ Vibration treatment, in particular, shaking, is widely used in technological procedures, typically those that require fluid mixing to enhance dissolution of chemical compounds. Another example is reaching ultralow concentrations with the use of sequential dilutions.

In this study, the effects of shaking are explored for dispersions of large protein macromolecules, immunoglobulin G (IgG), in two different media: water and an ethanol--water mixture (EWM). It is worth noting that ethanol (36.7 vol %) is one of the pharmacopoeial alcohols used in pharmaceutics.^[@ref6]^ It is known that shaking IgG solutions enhances the natural aggregation of IgG molecules^[@ref7],[@ref8]^ and can change the morphology of protein aggregates, used for therapeutic purposes.^[@ref9]^ In addition to aggregation, shaking has another effect: the flotation of IgG molecules and aggregates due to their attachment to bubbles and stabilization of bubbles. Shaking-induced flotation gives results similar to electroflotation, where bubbles are also formed during electrolysis. Electroflotation is used in food technology to extract proteins from multicomponent aqueous mixtures.^[@ref10]^

Flotation is efficient provided that the floating bubbles have a sufficient lifetime for particle-bubble adhesion to occur.^[@ref11]−[@ref15]^ Here, the size of bubbles plays a key role because even micron-sized bubbles have insufficient lifting power and the same being true a fortiori for nanobubbles. Nanobubbles are incapable of rising in water because of their almost neutral buoyancy.^[@ref16],[@ref17]^ This is because they are metastable, "dressed" with impurities, or with surfactants or adsorbed salt. However, they can aggregate with suspended colloidal particles and thereby act as "secondary collectors", thereby, improving particle flotation.^[@ref18],[@ref19]^ In addition, nanobubbles can serve as nuclei ("seeds") for the adhesion of particles on coarser bubbles, including macrobubbles (\>100 μm in diameter), see ref ([@ref20]). In the same way, we can expect equally that sufficiently stable nanobubbles can be the source of depletion forces to inhibit bubble--bubble fusion.^[@ref21]−[@ref23]^ Furthermore, it can be shown that charged nanobubbles with adsorbed proteins provide a stabilizing double layer force between the macrobubbles, just as micelles stabilize microemulsion or emulsion drops. This is, of course, counterintuitive, but the situation with bubbles is quite analogous to charged micelles.^[@ref24],[@ref25]^

To summarize, the combination of nanobubbles, microbubbles, and macrobubbles provides a bewildering complex and highly organized "soup". It can lead to capture of colloidal particles, that is, nanobubbles enhance the attachment of these particles to larger bubbles and thus increase the flotation efficiency, or vice versa, depending on protein surface hydrophobicity and charge. Control of these processes is the main game.

Nanobubbles, being stable or not, are effectively nucleated by stirring.^[@ref26],[@ref27]^ One consequence of shaking is that the layers of liquid adjacent to the vial surfaces have a lower speed relative to more distant layers. Close to the vial side, the liquid is completely immobile. Because of this inequality of the velocities of neighboring layers, discontinuities in the liquid inevitably arise. These discontinuities are filled with gas molecules and the process opposes the instantaneous collapse of the cavities formed. Chaotropic (structure-breaking) ions are capable of adsorbing on the internal surface of the cavity.^[@ref28]^ This could lead to the appearance of electrical charge on the surface (note that some amount of external ionic impurity is always present in purified water anyway). Furthermore, the process of adsorption and desorption of these ions on the charged surface eventually results in the formation of a stable gas bubble with diameters ∼300 nm. We have termed such structures "bubstons", that is, bubbles stabilized by ions.^[@ref27]−[@ref29]^

The IgG dispersions were analyzed by laser methods: dynamic light scattering (DLS), laser phase microscopy (LPM), and laser polarimetric scatterometry (LPS). The techniques are described in detail, for example, in refs.^[@ref27],[@ref30]^ The joint use of these methods enabled us to detect and characterize particles with greater or less information and accuracy at very wide scales ranging from ∼1 to 10^4^ nm.

2. Results and Discussion {#sec2}
=========================

2.1. Nanobubble Generation by Shaking: Comparison of Pure Water and an EWM {#sec2.1}
--------------------------------------------------------------------------

From the [Introduction](#sec1){ref-type="other"}, it can be concluded that vigorous shaking should produce gas nanobubbles in aqueous media. In the literature, nanobubbles are understood to mean long-lived gas-filled cavities with a diameter of less than a micron. As was recently shown,^[@ref26]^ nanometer-sized oxygen bubbles could be produced by vibration, and their concentration and size distribution were measured by nanoparticle tracking analysis. It turned out that the concentration of bulk nanobubbles largely increases after vibration treatment and is determined by the vibration frequency and time. Here, we also studied the influence of shaking on the volume number density of gas nanobubbles in water and a water--ethanol mixture.

We performed DLS measurements in water before and immediately after shaking (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The component at 0.5 nm can be associated with short-lived ice-like clusters consisting of ∼4--5 water molecules that are included in the first coordination sphere (hydration shell, see, e.g., ref ([@ref31])). The component at 250 nm is related to the bubston phase. This is also supported by LPM data (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![DLS intensity distribution over the particle sizes in water: before shaking (blue solid curve) and immediately after shaking (red dashed curve). Total scattering intensities are *I*~tot~(173°) = 12 kcps (0.5 nm---62.2%, 250 nm---37.8%) and *I*~tot~(173°) = 40 kcps, correspondingly.](ao0c01444_0001){#fig1}

![LPM images of a bubston with *d* ≈ 250 nm in water after shaking: (a) 2D distribution of the optical path difference (OPD) and (b) 1D profile, Δ*h* = −20 nm.](ao0c01444_0012){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows two-dimensional (2D) distribution of the optical phase shift across a separate bubston with a size of ≈250 nm (the half-height estimate). Exactly the same size was measured by DLS both before and after shaking. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows a one-dimensional (1D) profile drawn through the center of the bubston.

From the distribution shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, it is possible to evaluate the change in the volume number density of the bubstons immediately after shaking. The percentage ratio of the peak intensities at 250 nm before and after shaking gives the value , which is equal to the ratio of the nanobubble number density after/before shaking. A similar increase in the volume number density of nanobubbles after shaking is observed in ref ([@ref26]).

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, we exhibit the results of DLS measurements in an EWM before and immediately after shaking. In this case, the ratio of the scatterer number density is , that is, the number of scatterers per volume remains the same.

![DLS intensity distribution over the particle sizes in an EWM: before shaking (blue solid curve) and immediately after shaking (red dashed curve). Total scattering intensities are *I*~tot~(173°) = 80 kcps and *I*~tot~(173°) = 85 kcps, correspondingly.](ao0c01444_0014){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows a characteristic 2D distribution and the corresponding 1D profile for 150 nm inhomogeneities observed in the initial water--ethanol solution. The height of the profile Δ*h* makes it possible to assign the observed inhomogeneities to mesodroplets enriched with ethanol, see our recent studies.^[@ref32],[@ref33]^ However, we cannot exclude that in that case, we deal with artifacts associated with interference noise.^[@ref34]^ Thus, we conclude that in this case, the scatterers are liquid mesodroplets, whose volume number density is not changed in the process of shaking.

![LPM images of a mesoscale particle with a size of *d* ≈ 150 nm, presumably, an ethanol-enriched mesodroplet in an unshaken EWM: (a) 2D distribution of the OPD and (b) 1D profile of this particle, Δ*h* ≈ 7 nm.](ao0c01444_0015){#fig4}

In this regard, it is worth mentioning the study,^[@ref35]^ where it is claimed that when ethanol is added to water, the volume number density of gas nanobubbles increases compared to aqueous samples treated with a continuous high-shear rotor-stator device, that is, actually after vigorous vibrations. The authors^[@ref35]^ conclude that there are no nanodroplets of alcohol in the water--alcohol mixture and they observed gas nanobubbles, but this conclusion is based on indirect data because the nanoparticle tracking analysis method used in ref ([@ref35]) is unable to distinguish between a nanodroplet and a nanobubble. At the same time, using the phase microscopy technique, which allows us to directly distinguish gas nanobubbles from nanodroplets, we did not find gas nanobubbles in water-alcohol mixtures.

2.2. Solution of IgG in Water: Characterization of IgG Aggregates {#sec2.2}
-----------------------------------------------------------------

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} depicts the results of DLS experiments in aqueous IgG solution, with the volume number density of IgG macromolecules being 3 × 10^14^ cm^--3^. The size distribution consists of two peaks: a peak at 12 nm can be associated with monomeric IgG molecules.^[@ref36]^ We believe that the 300 nm peak is related chiefly to IgG aggregates. In this figure, we exhibit the average total intensity, from which the Rayleigh scattering (*I*~R~(173°) ≈ 10 kcps) is subtracted, *I*~tot~(173°) = 255 kcps. The peak at 300 nm amounts to 81.8% of the total intensity, while the 12 nm peak is related to 18.2% of the total intensity. We also measured the average intensity of the scattered light *I*(θ) at a scattering angle of θ = 173°, which allows us to estimate the volume number density of scatterers α in accordance with [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} (see [Section [6.1](#sec6.1){ref-type="other"}](#sec6.1){ref-type="other"}) provided that the scattering cross section *C*~sca~ and scattering indicatrix *F*(θ) of single scatterer are known. Representation of monomeric IgG molecules as spheres with a size of 12 nm allows us to calculate *C*~sca~ = 0.27 × 10^--10^ μm^2^ and *F*(173°) = 1.49; thus, for the monomers, we have α = 2.4 × 10^14^ cm^--3^. This is in good agreement with the nominal concentration of the solution, see [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}. By calculation for the particles with a size of 300 nm (assuming their sphericity) *C*~sca~ = 0.2193 × 10^--2^ μm^2^ and *F*(173°) = 0.37, we obtain α = 5.4 × 10^7^ cm^--3^.

![DLS intensity distribution over the particle sizes in aqueous IgG solution with volume number density 3 × 10^14^ cm^--3^ before shaking. Average total intensity (minus background scattering) *I*~tot~(173°) = 255 kcps (12 nm peak is 18.2% and 300 nm peak is 81.8%).](ao0c01444_0016){#fig5}

For the volume number density of such mesodroplets shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}, in accordance with [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}, we obtain α ≈ 10^9^ cm^--3^. It is important that small hydrophobic particles can play the role of nucleation centers for self-assembly of organic liquid molecules, which gives rise to the mesodroplet generation,^[@ref37]^ that is, some IgG molecules can be encapsulated into ethanol mesodroplets.

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the results obtained by LPM are presented. Panel (a) shows the 2D distribution of the optical phase shift across two closely located particles with a size of 300 nm; particles of this size were also detected in the DLS experiment. Panel (b) shows the 1D profile of these particles, which was drawn through their centers. The phase profile of 300 nm solid particles ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) allows us to estimate its refractive index as *n* = 1.5 ± 0.02 according to the calibration curve (see [Section [5.3](#sec5.3){ref-type="other"}](#sec5.3){ref-type="other"}). Refractive index measurements for various proteins^[@ref38]^ show that they typically have *n* ≥ 1.53 (being proteins, IgGs are assumed to obey this inequality). Therefore, a rather low value of *n* measured by LPM indicates that we most likely deal with 300 nm aggregates of individual IgG molecules with a size of ∼12 nm, separated by water monolayers. The fractal properties of these aggregates were investigated with the help of the scattering matrix technique (see below). Note that the observed convergence of submicron IgG aggregates can be the initial stage of the macroaggregate formation, which is typical for proteins.

![LPM images of inhomogeneities in aqueous IgG solution before shaking: (a) 2D distribution of the OPD for particles with a size of about 300 nm and (b) 1D profile of this distribution, Δ*h* ≈ 25 nm.](ao0c01444_0017){#fig6}

To make sure that IgG aggregation indeed takes place and to determine the fractal dimensions of the aggregates, the angular dependences of the scattering matrix elements for the IgG solution were measured. The knowledge of the fractal dimension allows one to determine the type of monomer aggregation.^[@ref39]^ The experimental data were compared with theoretical dependences calculated using the T-matrix method.^[@ref40]^ As was shown in that work, the analysis of the angular dependences of the scattering matrix elements allows us to find the size distribution of particles, provided that the size does not exceed the radiation wavelength.

In the case where the size of particles exceeds the wavelength, we can find out whether these particles are "monolithic" or clustered particles having a fractal inner structure.^[@ref39]^ For an isotropic medium with randomly oriented scatterers, the 4 × 4 scattering matrix *F*(θ) has a block-diagonal form:^[@ref41]^ the elements *F*~14~, *F*~41~, *F*~24~, *F*~42~, *F*~31~, *F*~32~, *F*~13~, and *F*~23~ are zero, *F*~12~ = *F*~21~, and *F*~34~ = −*F*~43~. In addition, for spherical particles, we have *F*~33~ = *F*~44~ and *F*~22~ = 1. Summarizing, the scattering matrices of media with spherical particles are completely described by the angular dependences *F*~11~(θ), *F*~12~(θ), *F*~34~(θ), and *F*~44~(θ).

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, we show the experimental and theoretical angular dependences of the scattering matrix elements for the initial aqueous IgG solution with volume number density 3 × 10^14^ cm^--3^. The matrix element values, measured at θ \< 10° and θ \> 90°, are not given because of the contribution of distorting factors, for example, reflection from the vial sides. Here, *f*~*ij*~(θ) = *F*~*ij*~(θ)/*F*~11~(θ) are the normalized elements; *F*~11~(θ) describes the scattering indicatrix. The dependencies *f*~12~^(exp)^ (θ), *f*~34~^(exp)^ (θ), and *f*~44~^(exp)^ (θ) are similar to those for Rayleigh scattering (dashed lines), while the dependence *F*~11~^(exp)^ (θ) for the IgG solution at large angles is well-described by the expression *A*~0~(sin(θ/2))^−*D*^f^^ (dashed line), where *A*~0~ is a constant. A scattering matrix of this type is characteristic for the media containing clusters, whose monomers (IgG macromolecules, in our case) have a size much smaller than the radiation wavelength. *D*~f~ means the fractal dimension of the cluster^[@ref41]^ (see [Section [6.2](#sec6.2){ref-type="other"}](#sec6.2){ref-type="other"}). Slight deviations of *f*~12~^(exp)^ (θ), *f*~34~^(exp)^ (θ), and *f*~44~^(exp)^ (θ) from the elements of the Rayleigh scattering matrix at large angles are apparently because of multiple scattering.

![Dependences of the scattering matrix elements *F*~11~(θ), *f*~12~(θ), *f*~34~(θ), and *f*~44~(θ) measured via LPS in aqueous IgG solution before shaking. The circles are experimental points, the solid line is the theoretical approximation by multitype spherical particles, and the dashed line is the Rayleigh--Gans--Debye approximation for the IgG aggregates. *F*~11~^(exp)^ (θ) is plotted so that *F*~11~^(exp)^ (30°) = *F*~11~^(theor)^ (30°); for more detail, see ref ([@ref40]).](ao0c01444_0018){#fig7}

The element *F*~11~^theor^(θ) calculated in accordance with [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} ([Section [6.2](#sec6.2){ref-type="other"}](#sec6.2){ref-type="other"}) is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} (solid black curves). The fractal dimension estimated using [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} for the IgG aggregates in aqueous solution is *D*~f~ = 2.7. Such values are typical for the aggregation mechanism according to the "monomer--cluster" scenario.^[@ref42]^ As follows from these diagrams, noticeable discrepancies between the theoretical approximation and the experimental results are observed at θ \< 20°, where the condition *qR*~g~ \> 1 does not hold.

2.3. IgG Flotation Efficiency with Shaking Aqueous Solutions {#sec2.3}
------------------------------------------------------------

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the scatterer size distribution of DLS intensity in the initial aqueous IgG solution immediately after shaking. Because in this experiment, the scattering volume was fixed at a level of half-height of the cell with liquid, the results are related to the bulk of the liquid sample.

![DLS intensity distribution over the particle sizes in aqueous IgG solution with volume number density 3 × 10^14^ cm^--3^ immediately after shaking. Average total intensity (background scattering is subtracted) *I*~tot~(173°) = 844 kcps (12 nm peak is 4.8%, 250 nm peak is 45.1%, 600 nm peak is 30.5%, and 3000 nm peak is 19.6%).](ao0c01444_0019){#fig8}

As seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, immediately after shaking, particles with a mean size *d* ≈ 200, 600, and 3000 nm are formed. In accordance with our previous results,^[@ref27],[@ref28]^ scatterers with diameters of 200--300 nm correspond to bubstons; the same size can relate to IgG aggregates (see [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [8](#fig8){ref-type="fig"}). Because bubstons are effectively negatively charged,^[@ref27],[@ref28]^ they can form complexes with IgG aggregates. The peak centered at 600 nm apparently corresponds to small clusters consisting of IgG aggregates and bubstons (in particular, dimers), while the peak at 3000 nm is associated with larger "bubston--IgG aggregate" complexes and/or micron-sized bubbles stabilized by IgG absorbed on its surface.^[@ref43],[@ref44]^ All these types of particles can adhere to larger micro- and macrobubbles and, thereby, float to the liquid surface.

As follows from the comparison of the diagrams in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [8](#fig8){ref-type="fig"}, the area of the peak corresponding to the IgG molecules of 12 nm in size decreased. During the experiment, the cell was sealed, that is, the total amount of IgG in the liquid could not decrease. Thus, the only mechanism leading to the redistribution of IgG molecules between the bulk liquid and free surface is flotation: IgG molecules together with IgG aggregates are transferred by floating bubbles from the bulk to the surface of the liquid.

We define the flotation coefficient for IgG molecules as *K*~m~ = (*I*~0~^(m)^ -- *I*^(m)^)/*I*~0~^(m)^ = 1 -- *I*^(m)^/*I*~0~^(m)^ = 1 -- 40.5/46.4, where *I*~0~^(m)^ and *I*^(m)^ are the peak intensities (measured in count rate units) at ∼10 nm in the distributions, as shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [8](#fig8){ref-type="fig"}, that is, before and after shaking, respectively. The change in IgG amount due to flotation is given by the formula Δ*N* = *N*~0~ -- *N* = *K*~m~·*N*~0~. On the basis of the diagrams shown in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [8](#fig8){ref-type="fig"}, we arrive at *K*~m~ ≈ 0.13. This is an upper estimate because some of the individual IgG molecules were aggregated by shaking, and, most likely, not all newly formed IgG aggregates were captured by flotation.

The fact that the agglomerates of IgG aggregates and bubbles do exist was confirmed by the LPM study of a foam sample, taken via a pipette from the surface of the initial IgG solution immediately after shaking. In [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, we give typical patterns of the 2D distribution of OPDs (and the corresponding 1D profiles) for particles inside the foam. As follows from the diagrams, we are dealing with composite particles having simultaneously a concave profile (in accordance with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, such particles are gas bubbles) and a convex profile (particles, whose refractive index exceeds that of water). [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b shows a bubble with a size of 400 nm (estimated at the level of half-height of a concave part of the profile), which forms a dimer with a solid particle (most likely, IgG aggregates). The profile is somewhat broadened because of Brownian motion, that is, the real particle size of the dimer is smaller. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c,d shows an agglomerate of nanobubbles and IgG aggregates. The structures imaged at [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} sustain the model,^[@ref43]^ considering the adsorption of protein molecules at the bubble interface to be followed by surface denaturation of these macromolecules and their subsequent aggregation. This means that the bubble surface is covered by IgG aggregates rather than single protein macromolecules.^[@ref44]^

![Characteristic LPM images (2D distributions of the OPD and the corresponding 1D profiles) of particles in a sample taken from the surface of the initial aqueous IgG solution (volume number density 3 × 10^14^ cm^--3^) immediately after shaking: (a,b) nanobubble--IgG aggregate dimer and (c,d) agglomerate of nanobubbles and IgG aggregates.](ao0c01444_0020){#fig9}

As far as we cannot estimate correctly the volume number density of IgG aggregates in the bulk immediately after shaking, we should employ a protocol, different from that of IgG monomers, in determining the flotation coefficient *K*~a~ for these aggregates. Specifically, to estimate *K*~a~, we have determined the amount of IgG aggregates that appeared on the surface of IgG solution as a result of shaking by measuring the volume concentration of IgG aggregates in 100-fold dilution of an aliquot taken from the surface of the shaken solution. The scattering intensity distribution measured by DLS in the diluted shaken solution is shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. In this diagram, we do not see the peak corresponding to monomeric IgG molecules with a size of 12 nm. Indeed, we can express the volume number density of IgG molecules in the diluted shaken solution in the number of photocounts per time units. Bearing in mind that in the initial solution, *N*~0~ = 46.4 kcps (see the comments to [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and *K*~m~ ≈ 0.13, we have the estimate *N*~1~ = 46.4·*K*~m~ ≈ 6 kcps, which is lower than the Rayleigh baseline (10 kcps), and therefore, the corresponding peak is hard to resolve. Another possible reason for the invisibility of the peak of monomers is their aggregation/adhesion on the surface of micron-sized bubbles. At the same time, a peak at 300 nm, which is evidently related to IgG aggregates, is clearly visible. In addition, one can see a peak in the region of several microns, which is most likely associated with micron-sized bubbles.

![DLS intensity distribution over the particle sizes in 100-fold dilution of shaken aqueous IgG solution (the initial concentration 3 × 10^14^ cm^--3^). Average total intensity (minus background scattering) *I*~tot~(173°) = 21 kcps (250 nm peak is 62% and 3000 nm peak is 38%).](ao0c01444_0002){#fig10}

Bearing in mind the dilution ratio (0.01, in our case), we obtain that the flotation coefficient for IgG aggregates in water *K*~a~ = *I*~1~^(a)^/*I*~0~^(a)^ -- 0.01 = 5%, where *I*~0~^(a)^ and *I*~1~^(a)^ are peak intensities at ∼ 300 nm in the distributions, as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} (initial solution after shaking) and [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} (100-fold diluted shaken solution). We can see that the flotation of monomeric IgGs is more efficient than that of their aggregates, which is obviously due to the lower volume number density of the aggregates.

2.4. Solution of IgG in an EWM: Characterization of IgG Aggregates {#sec2.4}
------------------------------------------------------------------

[Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows the results of DLS experiments with a solution of IgG in an EWM (the number of IgG molecules per unit volume is 3 × 10^14^ cm^--3^). As follows from [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a, the aggregation of IgG monomers develops more intensively in an EWM than in water: in the scattered intensity distribution, we cannot see particles with a size of 12 nm, and the resultant aggregates are significantly larger than in those aqueous solutions; their size was about 900 nm ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a). To study smaller-sized fractions (of about 450 nm or less), the initial IgG solution was filtered through a membrane with a pore diameter of 450 nm ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b). As follows from the graph, a peak, centered at 900 nm, has the same physical nature as the corresponding peak in panel (a), but its intensity is significantly lower than that in the unfiltered sample. Apparently, this is due to the fast emergence of new aggregates after filtration. Because of the elimination of large particles and a decrease in the total scattering intensity by 116 times, individual molecules (12 nm) become visible. Furthermore, there can be seen a peak at ∼150 nm, which is characteristic for pure ethanol mesodroplets in an EWM,^[@ref32],[@ref33]^ and a peak at *d* = 12 nm, corresponding to monomeric IgG molecules. To trace the behavior of monomer and aggregate peaks, we applied the shaking procedure (described in [Section [5.1](#sec5.1){ref-type="other"}](#sec5.1){ref-type="other"}) to the filtered IgG solution ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b); the resulting distribution is shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c. At the first glance, it may seem strange that in an EWM, we see the same size of IgG molecules as in water, that is, the peak corresponding to IgG molecules in the native form (12 nm). Seemingly, the denatured protein molecules have enough time to assemble into aggregates; therefore, native IgG predominates in the peak of individual molecules.

![DLS intensity distribution over the particle sizes: (a) initial IgG solution in an EWM (36.7 vol %) with a volume number density of IgG molecules being 3 × 10^14^ cm^--3^, *I*~tot~(173°) = 5820 kcps before shaking; (b) same solution after filtration through a membrane with a pore size of 450 nm, *I*~tot~(173°) = 50 kcps (12 nm peak is 40%, 150 nm peak is 50%, and 900 nm peak is 10%); and (c) filtered solution immediately after shaking *I*~tot~ = 389 kcps, 12 nm peak is 5%, 120 nm peak is 5.7%, and 400 nm peak is 89.3%). Here, *I*~tot~ is the average total intensity (background scattering was subtracted).](ao0c01444_0003){#fig11}

The shaking process initiates the aggregation of IgG molecules so that the new aggregates about 400 nm in size appear and the total scattering intensity increases greatly ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c). As a result, larger aggregates ∼900 nm that existed in the solution before shaking in small quantities become invisible possibly because of their fragmentation. The aggregative nature of the 400 nm peak is confirmed by the fact that shaking of the pure (IgG-free) EWM (36.7 vol %) does not lead to any changes in the total scattering intensity and its scatterer size distribution (a peak corresponding to nanobubbles does not appear); the distribution in the EWM has only one peak in the 100 nm range related to ethanol mesodroplets.

[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows the distribution corresponding to the solution in the EWM filtered through a porous membrane (pore diameter 0.45 μm), which was further filtered using a membrane with a pore size of 220 nm; the distribution peak corresponding to IgG aggregates completely disappeared. In this case, the peak corresponding to individual molecules is shifted to the right compared to [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b in the position of 18 nm, which indicates an increase in the effective size of IgG molecules because of denaturation. An additional peak at a 4 Å scale (the characteristic size of an ethanol molecule) associated with molecular scattering is clearly observed. The effect of the IgG peak shift can be associated with a strong decrease in the concentration of IgG molecules, and because it is known that denatured protein molecules aggregate more efficiently than the native ones, at a lower concentration of IgG molecules, the IgG molecules in the denatured form do not have enough time to aggregate and we see an increase in the contribution of the denatured IgG molecules to the peak of the individual molecules, which causes the shift of this peak toward large sizes.

![DLS intensity distribution over the particle sizes in the initial IgG solution (3 × 10^14^ cm^--3^) after filtration through a membrane with a pore size of 220 nm, *I*~tot~(173°) = 27 kcps (4.5 nm peak is 22.8%, 18 nm peak is 31.4%, and 170 nm peak is 45.8%).](ao0c01444_0004){#fig12}

[Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"} shows the LPM image of a particle, related to the 900 nm peak observed by DLS in EWM solution of IgG with volume number density α~1~ = 3 × 10^14^ cm^--3^ (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a). The phase profile ([Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b) allows us to estimate the refractive index of such particles; we obtain *n* = 1.51 ± 0.02, which can be related to IgG aggregates, see the comments to [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Taking into account the measured average intensity *I*(173°) = 5400 kcps, we can estimate the volume number density α~2~ of 900 nm IgG aggregates through their scattering cross section *C*~sca~ = 0.2943 μm^2^; *F*(173°) = 0.026, see the comments to [eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}. Thus, we obtain α~2~ ≈ 1.7 × 10^8^ cm^--3^.

![LPM images of a particle with a size of ≈900 nm in EWM solution of IgG before shaking: (a) 2D distribution of the OPD and (b) 1D profile of the distribution.](ao0c01444_0005){#fig13}

In [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}, we exhibit the experimental and theoretical angular dependences of the scattering matrix elements for the initial solutions of IgG in an EWM (3 × 10^14^ cm^--3^). Using the same algorithm for the analysis of matrix elements as for the aqueous IgG solution ([Section [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"}), we estimated the fractal dimension of IgG aggregates in the EWM *D*~f~ = 2.8.

![Dependences of the scattering matrix elements *F*~11~(θ), *f*~12~(θ), *f*~34~(θ), and *f*~44~(θ) measured via LPS in EWM solution of IgG before shaking. The circles are experimental points, the solid line is the theoretical approximation by multitype spherical particles, and the dotted line is the Rayleigh--Gans--Debye approximation for IgG aggregates. As in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, *F*~11~^(exp)^ (θ) is plotted so that *F*~11~^(exp)^ (30°) = *F*~11~^(theor)^ (30°).](ao0c01444_0006){#fig14}

2.5. IgG Flotation Efficiency with a Shaken EWM {#sec2.5}
-----------------------------------------------

To determine the flotation coefficient of single IgG macromolecules in an EWM, we use the size distribution of the solution filtered from aggregates, which manifests a 10 nm peak corresponding to IgG macromolecules, before ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b) and after shaking ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c). Furthermore, we measured the size distribution of 100-fold dilution of the initial IgG solution in the same EWM to determine the flotation coefficient for IgG aggregates ([Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}).

Calculated similarly to what was described in [Section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"}, the flotation coefficients in the EWM have the following values. For single IgG molecules, we have *K*~m~ = 3% (12--13 nm peak, as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b,c); because for IgG aggregates, *I*~1~^(a)^/*I*~0~^(a)^ = 2% (700--900 nm peak, as shown in [Figures [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a and [15](#fig15){ref-type="fig"}), we obtain *K*~a~ = *I*~1~^(a)^/*I*~0~^(a)^ -- 0.01 = 1% for aggregates. Thus, both *K*~m~ and *K*~a~ in the EWM within the experimental error correspond to the usual 100-fold dilution, and the flotation effect does not manifest itself.

![DLS intensity distribution over the particle sizes for 100-fold dilution of shaken IgG solution in an EWM (the initial concentration 3 × 10^14^ cm^--3^). Average total intensity (minus background scattering) *I*~tot~(173°) = 157 kcps (150 nm peak is 20%, and 750 nm peak is 80%).](ao0c01444_0007){#fig15}

2.6. Visualization of Floating Bubbles and Flotation Foam with a Transmission Optical Microscope {#sec2.6}
------------------------------------------------------------------------------------------------

We studied the flotation process induced by shaking with the aid of a transmission microscope DigiMicro 2.0 (depth of field *d* = 7 mm). [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}a presents an example of IgG aqueous solution with the concentration of IgG molecules 3 × 10^12^ cm^--3^. It is seen that flotation foam is formed at the interface; this foam consists of numerous millimeter-sized bubbles, resulted from coalescence of smaller bubbles (see the pattern under the foam, where the bubbles with radii 10 \< *R* \< 100 μm are visible). Millimeter-sized bubbles disappear within ∼30 s after shaking. In [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}b, we give a pattern, obtained with pure water; the sizes of floating bubbles are approximately the same both in water and in aqueous IgG solution. As follows from the microscope images, the volume number density of micrometer-sized bubbles (averaged over the volume *V* = d*S*, where *S* is the frame area) for pure water ([Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}b) is α~bub~ ≈ 200 cm^--3^. Obviously, in the presence of IgG aggregates, the α~bub~ value is much larger because these aggregates serve as microbubble nucleation centers.

![Micrographs of gas bubbles in liquid samples, recorded immediately after shaking: (a) aqueous IgG solution with the concentration 3 × 10^12^ cm^--3^ and (b) pure water.](ao0c01444_0008){#fig16}

[Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}a presents an image of water--ethanol IgG solution with a concentration of IgG molecules 3 × 10^12^ cm^--3^. It is seen that unlike the aqueous solution (cf. [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}a), in an EWM, flotation foam is practically absent. [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}b exhibits rising bubbles in a pure EWM, which is free of IgG particles. The radius of rising microbubbles lies in the range 30--200 μm, that is, they are larger than those in aqueous IgG solution. Note that in LPM experiments, carried out with IgG solution in an EWM, we did not see coarse particles, composed of gas bubbles and IgG aggregates, by contrast to aqueous IgG solution, see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. Thus, despite the visibility of rising bubbles, the flotation regime for IgG in an EWM essentially differs from that in aqueous solution.

![Micrographs of gas bubbles in the samples, recorded immediately after shaking: (a) solution of IgG in an EWM with the concentration 3 × 10^12^ cm^--3^ and (b) pure ethanol.](ao0c01444_0009){#fig17}

3. Conclusions {#sec3}
==============

The study of shaking procedures has first shown that the aggregation of IgG molecules is enhanced. The aggregation proceeds more intensively in an EWM because of IgG denaturation as compared to water. Second, shaking induces flotation which is because of several complex factors. In aqueous solutions, there always exists an ion-stabilized nanobubble (bubston) phase: negative ions are adsorbed at the bubston interface, that is, its surface is electrically charged. As a consequence, foreign particles are attracted to the surface of bubstons because of the Coulomb monopole--dipole or positive--negative interaction; these particles can be monomeric IgG molecules, their aggregates, and also some solid impurity particles. However, bubstons have almost neutral buoyancy; therefore, the aggregates of bubstons with other particles cannot rise to the liquid surface. At the same time, macroscopically electroneutral micrbubbles with sizes of 10--100 μm are generated while shaking; these bubbles float to the surface because of Archimedean force. Microbubbles and nanobubbles attract suspended particles (IgG molecules and aggregates) with the formation of agglomerates that are transferred to the surface by larger bubbles (macrobubbles) because of nanobubble--macrobubble adhesion. Thus, bubstons serve as "spatial agents" (collectors) for flotation. At the same time, the content of ions in an EWM is essentially less compared to that in water, and this is why the ion-adsorption mechanism for the stabilization of nanobubbles probably does not act in an EWM, that is, the bubston phase cannot form. When shaking, macroscopic bubbles are also formed in an EWM, but these bubbles are almost electrically neutral, and therefore, Coulomb interaction between the bubbles and suspended particles is negligible. Meanwhile, there exists an alternative mechanism of adhesion to micro- and macrobubbles because of hydrophobic attraction; apparently, this mechanism should work equally in water and an EWM because it implies interaction of electrically neutral particles. This interaction is essentially short-range, and therefore, it can be ignored because of a relatively low concentration of floating bubbles (over ∼10 μm in size) obtained by shaking (∼10^3^ cm^--3^ in water and even less in an EWM), while nanobubbles in water (whose concentration is high) cannot float up owing to their small size.

The considered flotation effect accompanying the shaking procedure leads to a significant discrepancy between the actual measured molecular concentrations and the dilution ratio, if an aliquot to be diluted is taken from the surface of the liquid. Taking into account the flotation effect, the maximum fraction of IgG macromolecules that can be transferred to a new liquid sample as a result of the dilution process with shaking is *K*~m~ = 0.13. This efficiency is obviously limited by a small number of floating-up bubbles (∼10^3^ cm^--3^) generated by the shaking procedure used by us per unit volume. In fact, the flotation coefficient could be much larger, reaching up to 100%, if shaking would generate so many floating-up bubbles that the distance between them would be comparable to their size. Thus, in multiple dilutions of IgG aqueous solution, the volume number density of IgG macromolecules decreases by at least the factor *K*~m~^*n*^ (*n* is the number of dilutions). If the flotation coefficient is assumed to be independent of the dilution number, for the initial volume number density of IgG macromolecules 3 × 10^14^ cm^--3^, we have the upper estimate (3 × 10^14^) × (0.13)^*n*^. For IgG aggregates, we obtained that a fraction of *K*~a~ = 0.05 is transferred into 100-fold dilution of shaken IgG aqueous solution, that is, the volume number density of IgG aggregates decreases with *n*-step dilution by at least the factor *K*~a~^*n*^ = (0.05)^*n*^. Because the initial volume number density of IgG aggregates is 6 × 10^7^ cm^--3^, it is clear that we cannot observe these aggregates for *n* \> 4.

Summarizing, the calculation of the volume number density of particles in solutions of low and ultralow concentrations prepared using the technique of a multistage decrease in the concentration of a substance using shaking at each stage is not correct without considering the flotation effects. These effects may explain the results of studies proving the presence of nanoscale substances in solutions of ultralow concentrations, including those shown by us in the article.^[@ref45]^

4. Materials {#sec4}
============

Affinity-purified rabbit immunoglobulin G (IgG) dispersions in water and water--ethanol mixtures were used as test liquid samples. The initial liquid samples were purchased from AB Biotechnology Limited (UK, Edinburgh). Nanofiltration was used to remove impurity particles and viruses; the initial suspensions were first diluted in glycine buffer (pH = 7.2) up to a weight concentration of 0.125 mg/mL (3 × 10^14^ cm^--3^) and then sterilized by filtration through 0.22 μm syringe filters (Sartorius, Germany). SDS-PAGE electrophoresis and high-performance liquid chromatography--size exclusion chromatography technique were used to assess identity and purity (≥95%) of the samples prepared. For producing diluted samples, we used purified water produced using Milli-Q Integral 5 (Merck Millipore, France) with pH = 5.5 (water samples were saturated with atmospheric gases and contained dissolved CO~2~) or an EWM with an ethanol content of 36.7 vol % (Sigma-Aldrich, USA) and pH = 6.0. From the literature, the IEP of rabbit IgG pH = 8.61.^[@ref46]^

5. Experimental Section {#sec5}
=======================

5.1. Shaking and Dilution Procedures {#sec5.1}
------------------------------------

Initial solutions of IgG in water and EWM were prepared in 20 mL borosilicate glass vials (Glastechnik Grafenroda, Germany) at room temperature without direct sunlight exposure by vortexing for 1 min at a frequency of 30 Hz and amplitude ∼1 mm to create a uniform distribution of particles throughout the volume using a Heidolph Multi Reax (545-10000-00) vortex mixer. For each measurement, an individual vial taken from a sterile factory packaging was used, and the pipettes were disposable. To study the disperse composition via DLS, 1.2 mL of the sample of each initial solution was poured into a 4.5 mL polystyrene square cuvette 10 × 10 × 45 mm (Sarstedt, Germany) for Malvern Zetasizer Nano use and hermetically sealed. Subsequently, the sample was shaken by oscillations in a vertical plane with an amplitude of 10 mm and a frequency of 5 Hz for 30 s to initiate the flotation process using an IKA orbital shaker, in which the platform was oriented vertically. It is important that shaking with such a large oscillation amplitude causes turbulent mixing of the solution with air from the free volume of the vial, resulting in the formation of a large amount of bubbles. To determine the number of protein particles carried to the surface of the sample because of shaking, we applied a 100-fold dilution procedure, which was as follows: 0.012 mL of the aliquot from the surface of the shaken solution and 1.188 mL of the diluent were mixed in one cuvette and then vortexed for homogenization.

5.2. Experimental Techniques {#sec5.2}
----------------------------

All samples were studied by three methods: DLS, LPM, and LPS. The DLS method allowed us to obtain the scattered light intensity distribution over the sizes of particles within the range of 1 to 10^5^ nm from the time correlation function under the assumption that the particle shape is spherical. With the use of LPM, we can estimate the refractive index. LPM reliably determines the size of dispersed particles, whose size exceeds 100 nm. LPS measures the dependences of the scattering matrix on the scattering angle. DLS experiments were performed with a Zetasizer Nano ZS system (Malvern, UK) equipped with a continuous wave (CW) He--Ne laser at a wavelength of λ = 633 nm (maximum intensity 4 mW) and a temperature controller. Additionally, we used a Photocor-FC system (Photocor ltd, Russia) with second harmonic of CW YAG:Nd^3+^ laser (λ = 532 nm, maximum radiation power 40 mW) to verify the reproducibility of the peaks in size distributions of scattering intensity at different scattering angles and thus confirm their attribution to really existing particles and not to artifacts. The temperature of the samples was kept constant at 25 ± 0.5 °C. The autocorrelation function of scattering intensity was measured using a Zetasizer Nano ZS at an angle of 173° and using Photocor-FC at 30°.

For LPM, a semiconductor laser with a wavelength of λ = 405 nm was used. Drop samples of the studied liquids with a volume of 50 μL were placed on a mirror substrate, and then, a thin liquid layer formed from the spreading drop was examined by LPM. The phase microscope visualizes the spatial distribution of the phase shift between the interfering reference and object waves (for more detail, see ref ([@ref27])). In the presence of a particle in a liquid with a refractive index *n*, the phase shift changes by a value of

Here, *n*~0~ is the refractive index of the liquid and *d* is the particle size. If *n* \> *n*~0~, then the profile of δ is a convex function across the particle and in the opposite case, it is a concave one. This allows the determination of the size and shape of inhomogeneities. In an LPS setup, the measurable scattering angles fall in the range of 0--160°. We do not provide a detailed description of the setup here; this is given in ref ([@ref30]).

5.3. Instrumental Calibration {#sec5.3}
-----------------------------

The DLS and LPM instruments were calibrated using monodisperse aqueous suspensions of polystyrene latex spheres (Sigma-Aldrich, USA) with average diameters *d* = 200 and 1200 nm and the refractive indices *n* = 1.59 and 1.62 for the wavelengths λ = 633 and 405 nm, respectively. [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"} shows the scattering intensity distribution over sizes of latex spheres in DLS experiments, which is normalized to the area under the curve.

![DLS intensity distribution over the particle sizes in monodisperse aqueous suspensions of polystyrene latex spheres at a scattering angle of 173°: (a) *d* = 200 nm and (b) *d* = 1200 nm.](ao0c01444_0010){#fig18}

The LPM technique allows us to determine the phase shift profiles between the object and reference waves interfering after the passage of the object wave through a particle in the liquid sample. The value of δ is conventionally measured in λ/2 units, that is, in nanometers, see [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. Thus, the value actually measured in LPM is the OPD Δ*h*, which for a spherical particle is expressed as^[@ref27],[@ref33]^

Here, we introduced an apparatus coefficient γ, accounting for the diffraction distortion when measuring the spatial distribution of OPD on a submicron particle, in the geometric optics approximation γ = 2. The aim of calibration experiments was to determine the dependence of γ on the particle size in the 100--1000 nm size range. OPD measurements for latex particles are shown in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}. The particle diameter is defined as the half-height of the OPD profile.

![LPM images (2D distribution of OPD and the corresponding 1D profiles) of spherical polystyrene latex particles in monodisperse aqueous suspensions: (a,b) particle with *d* = 200 nm and (c,d) particle with *d* = 1200 nm.](ao0c01444_0011){#fig19}

As seen in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}b, the particle size measured by LPM is ∼1.3 times larger than the size measured by DLS, see [Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"}a. This is explained by diffraction blurring for the particle sizes ∼λ/2. Bearing in mind the refractive index of polystyrene *n* = 1.62 (λ = 405 nm), we obtain γ = 1.7 for 200 nm particles. For 1200 nm particles, we have γ = 2.7; the particle profile has a plateau segment. Such a behavior is because the size of the particle exceeds the objective field depth (0.73 μm). The calibration curve is shown in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}; the error bars display random scatter caused by interference noise and inaccurate focusing. This dependence was used to determine the refractive index of particles according to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.

![Dependence of the coefficient γ vs particle size.](ao0c01444_0013){#fig20}

The LPS setup was calibrated with the same latex solutions. For the sake of brevity, we do not present the calibration graphs for the scattering matrix elements here, but only note that because of the influence of stray reflections and scattering, the reliable scattering matrix measurements were restricted to the angles 0--90°.

6. Computational Methods {#sec6}
========================

6.1. Calculation of Scatterer Number Density {#sec6.1}
--------------------------------------------

Below, we derive formulas for estimating the number of particles per unit volume of a liquid dispersion from scattering coefficient measurements. The scattering coefficient *R*(θ) (also called "the Rayleigh ratio") is defined through the scattering intensity *I*(θ) aswhere *I*~0~ is the intensity of the incident light, *V* is the scattering volume, and *L* is the distance from the center of the scattering volume to the observation point. Thus, the integral scattering coefficient iswhere Ω is the solid angle, α = *N*/*V* is the volume number density of scatterers, and *C*~sca~ is the scattering cross section of a single particle. We define the scattering indicatrix of a single particle as *F*(θ) = *I*~1~(θ)/*I*~0~, where *I*~1~(θ) is the scattering intensity of a single particle and the relationship should be met. Thus, we arrive at

Following common practice, we use toluene (with known scattering coefficient) for calibration. The relationship between the scattering coefficients of the sample under study and toluene (*R*(θ) and *R*~Tol~(θ)) is given as^[@ref47]^

Here, *I*(θ) is the scattering intensity of the sample under study and *I*~Tol~(θ) is the scattering intensity of toluene. Here, *n*~solv~ is the refractive index of the diluent, where the particles are suspended, and *n*~Tol~ is the refractive index of toluene. Finally, we refine the value of the volume number density of particles using the average scattering intensity at a fixed scattering angle and the total scattering cross section of a single particlewhere *I*~Tol~(173°) = 105 kcps, *R*~Tol~(173°) = 22 × 10^--6^ cm^--1^, and *n*~Tol~(λ = 0.633 μm) = 1.49.

Values of *C*~sca~ and scattering indicatrix *F*(θ) were calculated using the program code developed by Mishchenko for spherical particles.^[@ref40]^

6.2. Theoretical Approximation of Scattering Matrices for IgG Dispersions {#sec6.2}
-------------------------------------------------------------------------

An approximate structural model of IgG dispersions constructed on the basis of DLS and LPM data, that is, the number of different types of particles found and the measured values of their sizes and refractive indices are used as a priori information to solve the inverse problem for the scattering matrix measured by LPS. Ultimately, the solution of such an inverse problem refines and supplements the structural model.

To confirm the aggregative nature of the submicron particles observed in IgG dispersions, we theoretically modeled the scattering matrix for a system containing IgG aggregates, considered as fractal clusters of IgG macromolecules. The theoretical scattering matrices of IgG dispersions were approximated by a weighted sum of matrices *F*~*ij*~^(p)^ (θ) calculated for a model of spherical particles of several types: monomeric particles with the diameter *d* = 12 nm, bubstons with *d* = 250 nm, and IgG aggregates with the average diameter ⟨*d*⟩ = 350 nm and the distribution width 200--500 nm, as follows

where *p* is the type of particles, α~*p*~ stands for the volume number density of particles of the corresponding type (e.g., for IgG monomers and aggregates, α~*p*~ = 2.5 × 10^14^ cm^--3^ and 5.4 × 10^7^ cm^--3^, while for bubstons in water, α~*p*~ ≈ 10^6^ cm^--3^, see ref ([@ref26])), *C*~*p*~^sca^ is the scattering cross section, and *F*~*ij*~^(*p*)^ are the matrix elements of the pth type of particles. The total number of the types of model particles is 14; 12 of them are related to aggregates with gyration radii 100--2000 nm. While calculating [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}, we assume that the values of *F*~12~(θ), *F*~34~(θ), and *F*~44~(θ) for the monomers coincide with the corresponding elements of the Rayleigh scattering matrix (dashed curves) because the monomers in aggregates are much smaller than those in the radiation wavelength. The values of the element *F*~11~(θ) and the scattering cross sections for the IgG aggregates were calculated in the Rayleigh--Hans--Debye approximation. If the condition *qR*~g~ \> 1 is met for a cluster, *F*~11~ is described bywhere is the modulus of the scattering vector, *D*~f~ is the fractal dimension of the cluster, and *R*~g~ is the gyration radius of the cluster.^[@ref41]^
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